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摘要 
水是自然界最常见的物质之一，也是生命赖以生存的物质基础。水与表面的
相互作用一直是诸多学科广泛研究的领域。在电化学体系中，水分子是电极/溶
液界面最重要的组分之一，水分子的构型和取向直接影响电极/溶液界面的电势
分布以及微观化学环境，从而影响界面的电化学反应。同时，在电极/溶液界面
还存在着许多寿命短，不稳定，同时又具有着较高的化学活性的表面物种。例如，
不饱和氢键的水分子、质子化的水、水合氢原子、水合电子、以及水合氢氧根离
子等。 
贵金属纳米粒子催化剂有着得天独厚的光催化性能：大的表面积与体积比，
在可见光区有很强的响应带，以及由于表面等离激元共振所产生的热电子行为。
借助贵金属（如金、银和铜）纳米粒子特殊的表面等离激元共振增强性质，通过
表面增强拉曼光谱（SERS）还可以对贵金属阴极界面上的水分子和水合物种进行
表征。基于上述这些原因，银或金的纳米粒子作为光催化反应的超微电极，已经
成功地应用在可见光分解水制氢的反应中。在剧烈析氢条件下，界面水分子也表
现出了异常强的 SERS信号。探究电极/溶液界面水分子和水合物种，以及贵金属
阴极上的水解析氢反应机理，有助于深入理解界面双电层的结构，等离激元诱导
的光电催化反应，以及 SERS的化学增强机理。 
结合密度泛函理论和拉曼光谱，对于表面物种和反应中间体的预测，量子化
学计算可以发挥出它独特优势。在本论文的第一部分我们计算了三种水分子与阴
离子氢键作用形成的水合阴离子复合物：水合电子、水合卤素阴离子、以及水合
金属阴离子。通过密度泛函理论计算，预测了它们的结构和拉曼光谱，并讨论了
阴离子效应与水分子拉曼强度的增强。我们的计算结果表明当水分子直接与阴离
子或电子相互作用时，氢键作用可以强烈的诱导振动频率的位移和拉曼强度的改
变。并且水合电子、卤素阴离子和金属阴离子的大极化率性质对于水的拉曼强度
的增强起了决定性的作用。 
在本论文的第二部分我们讨论了氢键相互作用、溶剂化效应和外电场效应对
于水合质子的频率位移和拉曼强度的影响。结合现有的实验数据，我们的计算结
果合理的解释了随着酸溶液浓度的变化，水合质子中的 O-H 伸缩振动谱带表现
出大的频率位移。同时，对于水合质子中含有两种不同结构单元（Eigen和 Zundel），
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我们分别计算了这些异构体在气相和水溶液中的拉曼光谱，并讨论了溶剂化效应
对于水合质子的结构和拉曼光谱的影响。最后，结合拉曼散射理论，我们还计算
了外场（溶剂场和静电场）作用对于 Zundel 离子的构型和拉曼光谱的影响，探
讨了电化学界面电场中水合质子的存在形式和拉曼光谱。 
在本论文的第三部分，我们聚焦在贵金属阴极界面水合质子的吸附和析氢反
应。通过金属（金、银和铂）簇模型模拟不同的贵金属纳米粒子电极，并用于计
算水分子在不同贵金属表面的吸附构型，以及电极表面的负电荷对于水分子的吸
附结构和拉曼光谱的影响。此外，我们还预测了表面水合氢离子 -电子对
（electron-hydronium ion-pair，EHIP），即水分子簇层嵌于水合氢离子和界面电子
之间的结构为贵金属（金或银）纳米粒子光电催化水解析氢的反应中间体。该物
种吸附在金（或银）簇上的拉曼光谱与界面水的异常 SERS 光谱吻合。因此，我
们提出了贵金属阴极上光电催化水解析氢的反应机理：在光照条件下，电子经过
驰豫过程从电极表面转移到表面 EHIP 中，这之间经过了多步的反应步骤。该反
应过程发生在靠近电极表面的薄层中，即在外亥姆霍兹面上，而不是发生在银或
金纳米结构的表面。 
本论文的最后一部分为在台湾访学期间的工作，水簇的分子内振动能级重新
排布以及振动能量转移。分子内的振动驰豫会影响分子内的振动能级排布，尤其
是对于单分子反应，振动能级重排的频率往往会与谐振子近似下计算的频率有所
偏差，同时振动重排的速率决定着 RRKM 理论是否适用。我们计算了水簇和质子
化水簇的分子内振动重排速率，发现 RRKM 理论适用于描述质子化水簇，但不适
用于分子水簇。此外，分子簇的大小和同位素效应也会影响振动重排的速率。 
 
关键词： 析氢反应；表面等离激元共振；拉曼光谱；光电化学反应；密度泛函
理论；分子内振动重排 
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Abstract 
As one of the most common substances and material basis of life, the study of 
the interaction of water and surface has long been one of the most important subjects 
in surface science and electrochemistry. Water molecules as the most important 
constituent of the electrode/aqueous electrode processes, their structure and 
orientation have direct influence on the distribution of electric potential and   
microscopic environment. Also, there exist various surface species, such as 
unsaturated hydrogen-bonded water, protonated water, hydrated hydrogen atoms, 
hydrated electrons, and hydrated hydroxide ions. They are not only unstable species 
with a limited lifetime but also have strong chemical activity.  
Noble metal nanoparticles catalysts possess special photocatalytic properties of 
large surface-to-volume ratios and hot electron behavior due to surface plasmon 
resonance (SPR) respond to the visible light. Because of the special property of SPR 
in noble metal nanoparticles, such as gold, silver and copper, interfacial water 
molecules and hydrated species can be characterized by surface-enhanced Raman 
spectra (SERS). For these reasons, silver or gold nanoparticles as photocatalytic 
super-microelectrodes have been successfully applied in the visible light splitting of 
water to hydrogen. The interfacial water also present abnormal SERS signals in 
severe hydrogen evolution condition. The investigation of the interfacial water 
molecules and hydrated species, and the mechanism of water splitting to hydrogen on 
noble metal cathodes is helpful for us to understand structure of electric double layer, 
photocatalytic properties of plasmon and the chemical enhancement mechanism of 
SERS. 
Combining density functional theory (DFT) and Raman spectra, the quantum 
chemical calculation plays an unique advantage for the prediction of surface species 
and intermediates. In the first part of this dissertation, three types of water in 
hydrogen-bonded anionic complexes, anionic water clusters, water-halide anionic 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Abstract 
IV 
 
complexes, and water-metal anionic complexes have been calculated. By using DFT 
calculation, their structure and Raman spectra have been predicted, anion effects and 
the enhancement of Raman signals of water have been discussed. Our calculated 
results show that hydrogen bonding (HB) interaction can induce the vibrational 
frequency shifts obviously and the relative Raman intensity increases when water 
molecules directly binding to various anions or electrons. The large polarizabilities in 
anionic water clusters, water-halide anionic complexes, and water-metal anionic 
complexes play a significant role in the enhancement of Raman intensity of water 
molecules. 
In the second part, we considered the HB interaction, solvation effect and electric 
effect on the Raman spectra of hydrated proton. Based on the experimental data in the 
literatures, our calculated results gave a good explanation for the significant shifts of 
O-H stretching vibration bands in aqueous solution with different concentration. 
Meanwhile, for the two units (Eigen and Zundel) of hydrated proton, we calculated 
different isomers in the gas phase and aqueous solution, respectively. Finally, 
combing the theory of Raman scattering, we also considered the influence of external 
field (solvent and electric fields) on the structure and Raman spectra of Zundel ion, 
that gives a good prediction on existence forms and Raman spectra of hydrated proton 
in electrochemical interface. 
In the third part, we focus on the adsorption of hydration proton and hydrogen 
evolution reaction on noble metal cathodes. The model of metal (gold, silver and 
platinum) cluster is for the simulation of nanoparticle electrodes, and the calculation 
of water molecules adsorbed on negative charged surface. The surface 
electron-hydronium ion-pair (EHIP) was proposed as an intermediate for 
photocatalytic hydrogen evolution reaction (HER) on silver and gold cathodes. The 
EHIP is in a configuration, where the hydronium and the electron is separated by 
water layers. Considering the electrons from the electrode surface upon light 
excitation, the relaxation of surface EHIP follows a stepwise pathway as Eigen  
Zundel
e
h
 Hydrated H-atom1/2 H2, taking place in the thin layer close to the 
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electrode, e.g. at the outer Helmholtz plane (OHP), rather than on the silver or gold 
nanostructural surfaces. 
The last part is about the intramolecular vibrational redistribution (IVR) and 
vibrational energy transfer of water clusters. The intramolecular vibrational relaxation 
has influence on the IVR, especially for the single molecule reaction, the obtained 
frequencies after IVR are different from the calculated results by using harmonic 
oscillator approximation. We calculated the rate of IVR for water clusters and 
protonated water clusters, and examine the validity of the RRKM theory by 
comparing the IVR rates and the dissociation rate in 
Rice–Ramsperger–Kassel–Marcus (RRKM) theory. In conclusion, for the dissociation 
of water clusters, the RRKM theory is not valid to be employed, and for the case of 
prontonated water clusters, the RRKM theory holds to a considerable excitation 
energy range. Additionally, the size of clusters and isotope effect also have influence 
on the rate of IVR. 
 
Key words: Hydrogen Evolution Reaction; Surface Plasmon Resonance; Raman 
spectra; Photoelectrochemical Reaction; Density Functional Theory; Intramolecular 
Vibrational Redistribution
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